Abstract-Raman fiber lasers and amplifiers will play an increasing role in future optical fiber communication (OFC) systems. Recent progress in the development of special Raman fibers is described. We particularly focus on high 1 germanosilicate and phosphosilicate fibers.
I. INTRODUCTION
R AMAN amplification in optical fibers has found wide application in optical fiber communication (OFC) systems (see, e.g., [1] and [37] ). This is connected with the fundamental advantages of Raman fiber amplifiers.
• There is amplification at any wavelength, provided the appropriate pump sources are available.
• A fiber itself can be used as an active medium.
• A pump spectrum determines a gain spectrum. One can select the following three main regions of application of Raman amplification:
• distributed Raman amplifiers;
• discrete Raman amplifiers;
• Raman fiber lasers. Distributed Raman amplifiers are increasingly utilized in optical fiber systems during recent years. A transmission fiber itself is used as an amplifier fiber. In two other applications, one usually uses special fibers (Raman fibers) with characteristics that enable these Raman devices to operate effectively.
The cross-section of spontaneous Raman scattering is the most important characteristic of a Raman medium. A definition of per molecule follows from an equation for the number of spontaneously scattered quanta per length of material per solid angle for one polarization [2] :
where is the number of molecules per unit volume in the lower energy state and is the number of incident laser quanta. The stimulated Raman scattering is characterized by exponential amplification of the Stokes wave with the Raman gain coefficient is the amplitude of the laser light wave, is the number of molecules in the upper energy state, and and are the indexes of refraction at the laser and Stokes frequencies. is the width of a Stokes line. The normalized gain cm / W is often used (where is intensity of laser light). Among other important characteristics of Raman fibers one should point out the following:
• Raman frequency shift and Raman gain bandwidth;
• effective mode area;
• optical losses; • photosensitivity;
• catastrophic damage threshold;
• compatibility with other fiber elements of communication systems and with today's technology. The Raman frequency shift is usually understood as a frequency difference between pump radiation and the maximum of a Stokes' band.
Keeping in mind these characteristics, we will discuss recent advances in Raman fibers. First, we will briefly present milestones in the development of these fibers.
For the first time, the stimulated Raman emission in optical fibers was observed by Ippen in 1970 [3] . A liquid-core fiber was used in that experiment. Liquid-core fibers are of some interest because many liquids have a high value of Raman scattering cross section. However, they are not compatible with today's OFC systems, and these types of fibers will not be considered in this paper.
The first observation of stimulated Raman emission in a glass optical fiber was made by Stolen et al. in 1971 , using a single-mode fiber (SMF) fabricated by Corning Glass Works [4] . The authors were the first to draw conclusions about the possibility of constructing wide-band optical fiber amplifiers with the help of Raman amplification. Already at that time, the fundamental advantages of Raman fiber amplifiers, mentioned previously, were clear. The main disadvantage was also clear-a low value of the Raman scattering cross section in glasses (compared with some crystals and liquids). This pioneer work by Stolen et al. caused a great interest in Raman scattering in various glasses. The goal of the researchers was to find glasses with a high value of Raman gain. A large number of glasses were studied during the 1970s and 1980s, among them single-component glasses, doped silica glasses and multicomponent glasses, including heavy-metal oxides-doped glasses [5] - [10] . It was found that the latter glasses possessed a high value of Raman scattering cross section, but it was extremely difficult to fabricate low-loss fibers from these glasses.
The next important step in the development of efficient Raman fibers was connected with the successful application of Ge-doped fibers for continuous wave (CW) cascaded Raman fiber lasers and optical amplifiers [11] , [12] . These works opened the door for the creation of efficient high-power pumping lasers and Raman fiber amplifiers. This is the reason why a great deal of attention was paid to the fabrication of high Ge-doped fibers with lower optical losses.
A great interest in efficient CW Raman fiber lasers for the spectral region of 1.3-1.6 m led to the development of low-loss high P-doped Raman fibers [13] . In many cases, these fibers possess advantages over germanosilicate fibers because of a large Raman frequency shift (1330 versus 440 cm or 39.9 versus 13.2 THz, respectively) and the presence of two strong bands in the Raman spectrum. A larger Raman frequency shift makes it possible to use fewer grating cascades. To obtain the radiation with the wavelength of 1.24 and 1.48 m from a Yb-doped fiber laser ( 1.06 m), one needs only one and two grating pairs, respectively, using a P-doped fiber. The fewer cascades used, the substantially less expensive and more efficient are the Raman fiber lasers. The presence of two strong bands in the P-doped-fiber Raman spectrum increases flexibility of lasing across the 1.2-1.6-m band. It should be noted that the stimulated Raman scattering in high P-doped silica fibers was investigated earlier, and these fibers were used as an active medium for a 1.5-m-band Raman fiber amplifier [14] , [15] . The advantage of a large Raman frequency shift of 1320 cm permitted the use of an Nd:YAG laser operating at 1.32 m as a pump source for that amplifier. The disadvantage of that amplifier was a small Raman gain bandwidth of approximately 6 nm. Besides, the optical losses of that fiber with the P O concentration of 17 mol% were too high: 2.8 and 5.7 dB/km at the wavelengths of 1.32 and 1.59 m, respectively. In Section 2, it will be shown that, at present, both high Geand P-doped fibers mostly meet the required characteristics for Raman fibers. Recent advances in germanosilicate and phosphosilicate Raman fibers will be discussed in detail.
II. RECENT ADVANCES IN GERMANOSILICATE AND PHOSPHOSILICATE FIBERS
As we have already mentioned, practical Raman fibers should be compatible with existing technology of fibers and other elements of OFC systems. It was therefore natural to consider doped silica fibers as Raman fibers first of all. The relative Raman cross sections of vitreous SiO , GeO , B O , and P O -widely used in the fiber technology-were accurately measured by Galeener et al. [7] . It was found that germania glass had the highest cross section, approximately nine times higher compared with silica. The Raman frequency shift of germania glass was measured to be approximately 420 cm . Vitreous P O is also of great interest because this glass has two Raman scattering bands shifted by 650 and 1300 cm , the cross section for these bands being 5.7 and 3.5 times higher compared with silica. The presence of the Raman scattering band at 1300 cm is the most important feature of the P O glass.
The Raman gain bandwidth in the glasses is approximately 100 cm . The Raman gain of doped silica glasses depends linearly on the dopant concentration. One could therefore expect that germanosilicate and phosphosilicate fibers with A real Raman gain in a glass optical fiber depends not only on the parameters of a Raman medium, but mostly on the parameters of the fiber, namely, the effective length and the effective mode area. The latter value determines the intensity of pump radiation for a given pump power and is one of the most important characteristics of Raman fibers.
In practice, the following expression for the fiber Raman gain coefficient is used:
where is the measured small signal gain (pump on/pump off), is the pump power, , and represents the optical losses of a fiber at the wavelength of pumping. The mean value of the Raman gain coefficient for the core material , where is the effective area. Fig. 1 shows the measured values of fiber Raman gain coefficient for different fibers. The pump wavelength was 1.24 m. Unfortunately, it turned out that optical losses of the fibers also increased with the content of dopants. Fig. 2 shows an experimental dependence of optical losses of germanosilicate fibers fabricated by a standard technique on germania content at the wavelength of 1.55 m (curve 1). Curve 2 shows the Releigh scattering.
There are several sources of excessive optical losses in high Ge-doped fibers and several ways to reduce these losses [16] , [21], including the drawing at lower temperature, the fluorine doping of a core glass, and the elimination of the central dip in the refractive index profile. The central dip results from the diffusion of germanium to the surface, where it is volatilized as GeO during the collapse of a fiber preform. The central dip can be largely reduced by flowing small amounts of GeCl during the collapse or by etching prior to the final stages of the collapse, but it is difficult to eliminate it completely. Fig. 3 shows the influence of the central dip on the germanosilicate fiber losses. All three fibers are drawn from the same preform. A part of the preform was treated in such a way as to eliminate the central dip. It is seen that the fiber without the dip has noticeably lower losses. It is important to note that a multimode fiber drawn from the same preform has substantially lower losses than do single-mode ones. This can shed light on the source of excessive losses in high Ge-doped fibers. Fig. 4 demonstrates a low-loss high Ge-doped fiber fabricated at the Fiber Optics Research Center of the Russian Academy of Science. Using this fiber, we constructed an efficient 1.3 m Raman fiber amplifier [17] , [18] . The gain of 40 dB was obtained at the pump power of approximately 700 mW.
A great deal of work has been done to develop high P-doped low-loss fibers [19] . Fig. 5 shows the loss spectrum of a phos- phosilicate fiber with 13 mol% of P O in the core. It is seen that, in practically the entire spectral region of 1.2-1.6 m, the optical losses are 1 dB/km. The increase in the losses above 1500 nm is due to the absorption by OH groups hydrogenbonded with nonbridging oxygen atoms of the Si-O P phosphorus center [20] . The achieved values of optical losses in Ge-and P-doped fibers fabricated by modified chemical vapor deposition (MCVD) technique are the lowest ones for such high concentrations of dopants [19] , [21] .
Photosensitivity is a very important characteristic of Raman fibers because of a wide application of fiber gratings in schemes of Raman fiber lasers and amplifiers [22] . It is well known that germanosilicate fibers possess high photosensitivity, and it is no problem to write gratings directly in these fibers.
The photosensitivity of P-doped fibers was observed in 1994 (see, e.g., [23] and [24] ). It was reported that Bragg gratings can be written in H -sensitized P-doped waveguides by using 193-nm irradiation.
We have studied the photosensitivity of our low-loss phosphosilicate fibers [25] . Fig. 6 shows the refractive index change in dependence on a 193-nm irradiation dose. It is seen that, using a 193-nm UV light, it is possible to write strong gratings in H -loaded phosphosilicate fibers. Writing gratings directly in a P-doped fiber allowed us to construct an extremely efficient 1.24-m Raman fiber laser [26] . The quantum efficiency of 77% was achieved pumping a low-loss phosphosilicate fiber by an Nd-doped double-clad fiber laser. However, phosphosilicate Raman fibers have one unique feature. Their Raman spectrum consists of two strong bands at 440 and 1300 cm , corresponding to Si-O and P O bonds (see Fig. 1 ). Combining these bands and using a Yb-doped double-clad fiber laser as a pump source, it is possible to construct efficient Raman fiber lasers operating at practically any wavelength in the spectral region of 1.1-1.6 m [27] . In particular, we have developed Raman fiber laser for 1.407 m, which is a promising pumping source for 1.5-m Raman fiber amplifiers [28] .
The next important issue is a catastrophic damage threshold of Raman fibers. The catastrophic damage of optical fibers (fiber fusion), occurring at relatively low optical powers (less than 1-W CW), was observed for the first time in 1987 [29] .
If we locally heat a fiber to the temperature of 1000 C laser radiation, propagating through the fiber is strongly absorbed by the heated piece of the fiber, increasing the temperature up to 5000-10 000 C. This high-temperature region will move with the velocity of 1 m/s along the fiber toward a source of laser radiation, causing catastrophic damage of the fiber. The damage is manifested by a row of bullet-shaped cavities left in the core of an SMF (Fig. 7) . Although a large number of papers have been published since 1987 [30] - [33] , one cannot say that the phenomenon is well understood.
At first, this phenomenon was considered as a curiosity, but now it is of great importance for OFC. It is connected with the increase in optical power used in modern OFC systems. Various laser sources with the output power of 1 W have been developed for pumping Er-doped and Raman fiber amplifiers used in the systems.
In case of propagation of the laser light with this level of power along a fiber, any accidents leading to a strong local heating of fiber can initiate catastrophic damage. A sharp fiber bending, a contact of a fiber end with absorbing substances, dust within couplers, or an electrical discharge are the most typical accidents. There is a threshold value of optical power below which the fiber fusion cannot propagate along a fiber. We have measured this threshold power for a number of fibers, including germanosilicate and phosphosilicate Raman fibers, for several wavelengths in the region 1 1.5 m. Table I shows the parameters of the fibers under investigation and values of the threshold power for the wavelength of 1.24 m [34] . Fig. 8 shows the dependence of the threshold mean light intensity in the core of the fiber on the mode-field diameter (MFD). The low dispersion of the data points around the averaged line indicates that MFD is the principal parameter for fiber fuse process.
III. SOME PROMISING DIRECTIONS OF RAMAN FIBERS RESEARCH AND DEVELOPMENT
At present, the following two problems are of great interest: 1) development of glasses with a high Raman gain coefficient; 2) increase of Raman gain bandwidth. Table I .
The increase of a dopant content in Ge-and P-doped silica fibers with a simultaneous reduction of optical losses seems the most straightforward solution to the first problem. To do this, we must obtain a deeper understanding of the mechanisms of excess optical losses in these fibers. An interesting option is the fabrication of GeO -based low-loss fibers to provide a large Raman scattering cross section and a small ( 1 m) core diameter. Several attempts were made to obtain such fibers but without noticeable results (see, e.g., [35] and [36] and references therein).
The second way is to use multicomponent glasses, including heavy-metal oxides-doped glasses [7] , [9] , [10] . Because of great difficulties in obtaining low-loss fibers from these glasses, one must search for new technologies to solve this problem. A multicomponent glass approach also permits the development of glasses with the Raman gain bandwidth of several hundreds cm .
From the point of view of Raman fiber lasers, it is of interest to find silica-based glasses with various Raman frequency shifts. This will simplify the construction of Raman fiber lasers with a given wavelength of light.
IV. CONCLUSION
The present tendency in the development of OFC is the widening of the spectral region for information transmission. The usage of the whole spectral region of 1450-1650 nm for dense wavelength division multiplexed (DWDM) systems is now in discussion. It is supposed that Raman fiber lasers and amplifiers will play an increasing role in these systems [37] .
Glass, because of its flexibility in technology and composition, provides many possibilities, not only to substantially improve the characteristics of the existing Raman fibers, but also to attain new quality.
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